We have constructed a complete action for the system of N D0-branes in flat 10D type IIA superspace. It is invariant under the rigid spacetime supersymmetry and local worldline supersymmetry (κ-symmetry). This latter can be considered as supersymmetry of maximal 1d SU (N ) SYM model which is made local by coupling to supergravity induced by embedding of the center of energy worldline into the target superspace. The spinor moving frame technique is essentially used to achieve such a coupling. We discuss the differences with Panda-Sorokin multiple 0-brane action and with the dimensionally reduced 11D multiple M-wave action.
Introduction
In 1995 E. Witten agrued [1] that the system of N nearly coincident Dp-branes carries nonAbelian gauge fields on a center of mass worldvolume and that at very low energy it is described by the action of U (N ) maximally supersymmetric Yang-Mills (SYM) theory. In it the U (1) sector describes the center of mass motion of the multiple Dp-brane (mDp) system while the SU (N ) sector describes the relative motion of the mDp constituents. Actually, U (1) SYM action decouples and can be identified as a low energy limit of gauge fixed version of the complete nonlinear action for single Dp-brane [2, 3, 4, 5, 6, 7] .
Then the natural problem was to find a complete action for multiple Dp-brane system. It was approached in a number of papers and certain progress was reached during these years [8, 9, 11, 10, 12] . In particular, the bosonic limit is widely believed to be given by the Myers's 'dielectric brane' action [9] which was obtained from the requirement of consistency with Tduality transformations of D-branes and background fields. A very interesting construction on '-1 quantization level' was proposed in [12] . There such a dynamical system was constructed, that its quantization should reproduce the desired multiple Dp-brane (mDp) action. However, the complete realization of this step in a fool glory seems to imply the quantization of the complete interacting system of supergravity and super-Dp-brane.
A complete action including fermions and invariant under spacetime supersymmetry and local fermionic κ-symmetry is known for the system of ten-dimensional (10D) multiple 0-branes [13, 14] as well as for 11D multiple M0 (mM0 or multiple M-waves) system [15, 16] . Besides these, in D=3 some complete N = 1 supersymmetric multibrane actions are known [17, 18] . Furthermore, the infrared fixed points of the system of N M2-branes is believed to be described by Bagger-Lambert-Gustavsson (BLG) model [19, 20, 21] for N=2 and by Aharony-BergmanJafferis-Maldacena (ABJM) model [22, 21] for N ≥ 2. The infrared fixed point of multiple M5-brane system should reproduce an enigmatic D = 6 (2, 0) superconformal theory; recently it was conjectured [23, 24] that this can be described by D = 5 SYM model.
The mM0 dynamical system of [15, 16] can be considered as 11D massless superparticle carrying on its worldline 1d N = 16 SU (N ) SYM multiplet. It was natural to expect that the dimensional reduction of mM0 action should reproduce a multiple D0-brane (mD0) action. Surprisingly the result of such a dimensional reduction looks quite complicated and does not resemble what we expected for the mD0-brane action (we discuss this problem in the Appendix C). This is why in this paper we construct a supersymmetric 10D multiple D0-brane action with local fermionic kappa-symmetry directly, putting maximally supersymmetric 1d SYM multiplet on the effective worldline of a center of mass of the mD0-system and coupling it to the induced worldline supergravity. We also discuss the differences of our multiple D0-brane model with the Lorentz invariant 10D multiple 0-brane action of Panda and Sorokin [14] . This paper is organized as follows. In Sec. 2 we review the spinor moving frame formulation of single super-D0-brane (Dirichlet superparticle) and describe its irreducible kappa-symmetry. In particular, the moving frame and spinor moving frame variables used also to describe mD0 system are introduced there. The mD0-brane action invariant under rigid (super)spacetime supersymmetry and local worldline supersymmetry (κ-symmetry) is constructed in Sec. 3. There we begin by describing 1d N = 16 SU (N ) SYM multiplet, and then make its supersymmetry local by coupling it to the composite supergravity induced on the mD0 worldline (this is to say on the worldline of the center of mass of mD0 system) and by inclusion of a single D0-brane action ('center of mass brane' action) into the complete action of the interacting system. In Sec. 4 we compare our result with the action of multiple 0-brane system proposed by Panda and Sorokin [14] and argue that our action is better candidate for the description of multiple D0-brane system. We conclude in Sec. 5.
The Appendices are devoted to the problem of dimensional reduction of the 11D mM0 action. Although this does not give a desired result, i.e. does not reproduce the mD0 action, its discussion may give useful suggestion for further thinking. In Appendix A we describe the spinor moving frame action for single M-wave (M0-brane) and show how its dimensional reduction reproduces the action for single 10D D0-brane. The dimensional reduction of spinor moving frame variables is discussed in Appendix B. Appendix C describes the dimensional reduction of 11D mM0 action down to D=10. The mM0 action and its local worldline supersymmetry are presented in Appendix C.1. Its dimensional reduction and an apparent difference of the result of this from mD0 action of Sec. 3 are discussed in Appendix C.2.
D0-brane in moving frame formulation
Let us denote the coordinates of flat 10D type IIA superspace Σ (10|32) by (x a , θ α1 , θ 2 α ) and its superveilbein by
We will use the same symbols for the pull-back of the supervielbein forms to the worldline which depend on coordinate functions (x a (τ ), θ α1 (τ ), θ 2 α (τ )) of the superparticle proper time τ . These are used to define parametrically the superparticle worldline as a line in the superspace,
Here and below a, b, c = 0, 1, ..., 9 are ten-vector indices, α, β, γ = 1, ..., 16 are 10D MajoranaWeyl spinor indices and σ a αβ = σ a βα andσ αβ a =σ βα a are 10D generalized Pauli matrices obeying
The moving frame formulation of the 10D D0-brane in flat type IIA superspace is based on the action [25] 
where M is a constant mass parameter and u 0 a = u 0 a (τ ) is an auxiliary ten-vector field of unit length, u 0 a u a0 = 1.
Moving frame and Cartan forms
It is convenient to consider u 0 a as one of the vectors of moving frame field described by the Lorentz group valued matrix
Eq. (2.4) implies orthogonality and normalization conditions 5) so that, on one hand, the variables (2.4), which are called moving frame variables, are highly constrained. On the other hand, as the space (co)tangent to a group is isomorphic to its Lie algebra, (2.4) implies that one can easily express the derivatives and variations of the moving frame vectors u 0 a , u I a , constrained by (2.5), in terms of Cartan forms of SO (1, 9) ,
Notice that the splitting of matrix in (2.4) is invariant under the local SO(9) rotations and the above Ω ij transforms as a connection under these. Hence we can define SO(9) covariant derivatives and find that their action on the moving frame vectors is expressed through the covariant Cartan form Ω i ,
The admissible variations of the moving frame vectors, this is to say the variations which preserve (2.5) and hence (2.4), can be obtained from (2.7) by formal contraction with the variation symbol,
On this way we used i δ d = δ 1 and consider the contractions of the Cartan forms i δ Ω i and i δ Ω ji as independent variations. The latter corresponds to SO(9) ⊂ SO(1, 9), which is the manifest gauge symmetry of our construction (acting trivially on the action (2.3)) and the former, i δ Ω i , is the essential variation corresponding to the coset SO(1, 9)/SO(9). Our moving frame variables can be considered as a kind of (constrained) homogeneous coordinates of such a coset.
Covariant splitting of supervielbein, action variation and kappa-symmetry
The moving frame vectors can be used to split the bosonic supervielbein in two parts in a Lorentz invariant manner. Indeed, just contracting the supervielbein (2.1) with moving frame vectors we arrive at one invariant bosonic 1-form and one 9-vector 1-form carrying the index of the local SO(9) symmetry group
The latter does not appear in the action, but it does in the action variation. A simple way to calculate this latter is by using the Lie derivative formula applied to the Lagrangian one-form of the action (2.3),
10)
. The second term does not contribute to the action variation as far as we are not interested in initial conditions, and to obtain the first we have to begin by calculating a formal exterior differential of the Lagrangian form (2.10). After some algebra we obtain 2 The presence of only one linear combination of the two fermionic supervielbein forms in (2.11) indicates the local fermonic κ-symmetry of the D0-brane action (2.3) (see [26, 27, 5] for the kappa-symmetry of the standard D0-brane action). Its transformations read
As it was shown in [28] , kappa symmetry is actually a local worldline supersymmetry of the superparticle models. It will be important for our discussion below that the moving frame formulation of the superparticle actually provides us with a composite supergravity multiplet for this local supersymmetry.
Let us consider
Under the κ-symmetry they transform as 15) which is quite similar to the transformation of graviton and gravitino one forms of d = 1 N = 16 supergravity. However, the identification with supergravity is hampered by that both the counterparts of gravitini and of parameter of supersymmetry carry 10D MW spinor index. Thus we will call the fermionic form in (2.14) 'proto-gravitino'. To find a true counterpart of gravitini induced by the embedding of the D0-brane worldline in superspace, we need to introduce one more ingredient: spinor moving frame field (also called spinor Lorentz harmonic 4 ).
2 In our notation the exterior derivative acts from the right, e.g.
where ∧ is the exterior product of differential forms. The exterior product of bosonic forms is antisymmetric, e.g.
Here and in (2.11) below one should think about differential forms on target superspace or its extension, but not just on the worldline. 3 In this paper we will use the notation σ 0 and σ i for Lorentz covariant projections of sigma matrices, σ 4 See [29, 30, 31] for the concept of harmonic variables and harmonic superspace and [32, 33, 34, 35, 36] for Lorentz harmonics (called light-cone harmonics in [32, 33] ).
Spinor moving frame and induced worldline supergravity
Spin(1, 9)/Spin(9) spinor moving frame variable is 16 × 16 Spin(1, 9) valued matrix v α q ∈ Spin(1, 9) (2.16) defined up to Spin(9) gauge transformations. This is related to the moving frame matrix (2.4) by the conditions of the sigma-matrix preservation u
, where γ i qp = γ i pq are d = 9 gamma matrices obeying γ (i γ j) = δ ij , we find
The derivatives of the spinor moving frame matrix is expressed in terms of the same SO(1,9) Cartan forms (2.6). It is convenient to use the Spin(9) covariant derivative which, when acting on spinor moving frame, is expressed in terms of the covariant Cartan form:
We will need also the inverse spinor moving frame matrix v q α ∈ Spin(1, 9),
It can be used to factorize the matrices with upper spinor indices
One can easily check that
The spinor moving frame field can be used to construct the fermionic forms with the indices of SO(9) gauge group (cf. (2.9))
We can also define the parameter of the worldline supersymmetry (κ-symmetry) with an internal SO(9) index
This can be identified with parameter of the standard N = 16 extended d = 1 supersymmetry 5 .
In particular, contracting the proto-gravitino form in (2.14) with spinor frame matrix we arrive at fermionic one form
5 To be precise, we have to notice that the natural R-symmetry group SO(16) of such an extended supersymmetry is broken down to SO(9) in our model. which transforms as true gravitino of d = 1 N = 16 supergravity under the worldline supersymmetry. Indeed, (2.15) can be written in the following equivalent form
where the covariant derivative is defined in (2.18),
Eq. (2.25) has the form of typical supersymmetry transformations of supergravity multiplet. In our case this multiplet is composite, induced by embedding of the super-D0-brane worldline in the flat type IIA superspace. In the next section we will construct an action for multiple D0-brane system by putting d = 1 N = 16 SYM multiplet on the worldline of a single D0-brane and making its supersymmetry local by coupling it to this induced supergravity.
3. Multiple D0-brane action from locally supersymmetric SYM on the worldline of a D0-brane
SYM multiplet contains three types of N × N traceless matrix fields: 1d gauge field A τ (τ ), which we prefer to include in the 1-form A = dτ A τ (τ ), nanoplet of bosonic fields X i (τ ) in vector representation of SO (9) and hexadecuplet of fermionic matrix fields Ψ q in the spinor representation of SO (9) . In addition, we find convenient to introduce an auxiliary bosonic matrix fields P i (τ ) which play the role of momenta conjugate to X i (τ ) fields.
The Lagrangian one-form for the action of d = 1 N = 16 SYM can be written as (see [37, 38, 16] )
where
are SYM covariant derivatives of the scalar and spinor fields and H is the SYM Hamiltonian
which contains the positively definite scalar potential
In the last term of (3.3), which describes the Yukawa coupling of the bosonic and fermionic matrix fields, γ i qp are the 9d Dirac matrices. They are real, symmetric, γ i qp = γ i pq , and obey the Clifford algebra
as well as the following identities
is invariant under the rigid d = 1 N = 16 supersymmetry transformations with constant fermionic parameter ε q
Notice that supersymmetry acts on the SYM Hamiltonian (3.3) by
is the Gauss law constraint which appears as equation of motion for the 1d gauge field of N = 16 SYM model. In the action variation (3.10) is compensated by the nontrivial supersymmetry transformation (3.9) of the 1d gauge field. The Gauss law is supersymmetric invariant,
From SYM to mD0 brane action
As we have already announced, the multiple D0-brane (mD0) action can be obtained on the way of putting the maximally supersymmetric SU (N ) SYM multiplet on the worldline of a single D0-brane (center of mass brane of the mD0 system) and coupling it to supergravity induced by embedding of this worldline into the tangent superspace. Let us describe the procedure in detail. First of all, let us consider the variation of the SYM Lagrangian form under supersymmetry (3.7)-(3.9) with local fermionic parameter ε q . This gives 6
According to the first Noether theorem this implies that
is the supercurrent for the rigid supersymmetry of the 1d N = 16 SYM.
6 Notice that to establish supersymmetry invariance of the action, one has to perform integration by parts. This fact has also to be taken into account carefully to establish the correct coefficients for ∝ dε q terms. We do not write explicitly the corresponding total derivative terms in our expression for δL
To construct the action invariant under local supersymmetry, following the Noether procedure, we include into the Lagrangian form the new term given by the product of gravitino and supercurrent,
At this stage we notice that the induced gravitino transformations (2.25) include covariant derivative D of the supersymmetry parameter, (2.26), rather then the usual derivative. The Lagrangian form which will provide the transformations of the form like in (3.13) but with covariant derivatives (2.18) will be obtained by replacing in L SY M 1 ∇ by D including also the SO(9) connection as in (2.18),
16)
But this is still not the end of story. Notice that the supersymmetry transformation of the supercurrent is
where H is the SYM Hamiltonian (3.3) and G is the Gauss law constraint (3.11). The corresponding contributions to the variation of L 2 1 (3.15) can be compensated if we replace in L SY M 1 (3.1) dτ by E 0 of (2.14), thus providing the coupling of SYM sector to 1d induced 'graviton', and by modifying the transformation rule of the 1d gauge field. This latter is achieved by changing dτ → E 0 in (3.9) and by adding the term 1/2(E q1 − E 2 q )γ i qp ǫ p X i to this transformation rule (see below). Thus the multiple D0-brane action should contain the following modification of the SYM Lagrangian form
Resuming, the locally supersymmetric (κ-symmetric) invariant action for multiple D0-brane system is the integral of Lagrangian 1-form given by the sum of (2.10), (3.19) and (3.15) ,
(3.20)
Here we have introduced a constant k of dimension 7 [M ] −3 . The presence of the Lagrangian form of the single D0-brane action (2.3), L D0 1 , is necessary in (3.20) to make nontrivial the center of mass dynamics described by the equations for the coordinate functions (2.2).
3/2 , which reflects the SYM origin of these matrix fields.
Multiple D0 brane action and its local worldline supersymmetry
For the reader convenience we write the complete form of the above described multiple D0-brane action explicitly:
In it E 0 is given by the contraction (2.9) of the pull-back of supervielbein (2.1) with moving frame vector (see (2.4)), E q1 and E 2 q are given by contractions (2.22) of the pull-back of the fermionic supervielbein forms with the spinor moving frame matrices (2.16) and (2.19), the covariant derivatives D are defined in (3.16) and (3.17) with the use of 1d gauge field A and Cartan forms (2.6), and H is the SYM Hamiltonian defined in (3.3).
The action (3.21) is invariant under the following local worldline supersymmetry transformations
The local supersymmetry transformations of the center of mass variables (coordinate functions and (spinor) moving frame variables) (3.22)-(3.24) coincide with the D0-brane κ-symmetry transformations (2.13) up to redefinition of the supersymmetry parameter (κ α = ε q v α q ). The transformations of the physical fields of 1d N = 16 SYM, (3.25) and (3.26) , have the same form as in the case of rigid supersymmetry.
By construction, (3.21) is also invariant under the rigid spacetime supersymmetry, which acts nontrivially on the center of mass variables only,
It is tempting to try to obtain our multiple D0-brane action (3.21) by dimensional reduction of the 11D multiple M0-brane action of [15] . In Appendix C we discuss such a dimensional reduction and point out a problem which appears on this way. In the next section we discuss the differences of our multiple D0-brane action with very interesting multiple 0-brane system of [14] and argue in favour of that rather our (3.21) is the representative of the family of mDp-brane actions.
Differences with Panda-Sorokin multiple 0-brane action
In our notation the (Lorentz-covariant) action by Panda and Sorokin [14] reads 8
In it p a = p a (τ ) is the auxiliary 1d field having the meaning of ten-momentum conjugate to the center of mass coordinate function x a (τ ), e(τ ) is an auxiliary einbein field, and M(X, P, Ψ) is an arbitrary function of the su(N ) valued matrix fields, bosonic nanoplets X i and P i and fermionic hexadecuplet Ψ q . Notice that the 1d gauge field is absent in this action which thus posesses only rigid SU (N ) symmetry (see recent [39, 40] for discussing the differences of the standard and ungauged Matrix models of [37, 38] and [41] ). But this is not the only difference of (4.1) with our multiple D0-brane action. Probably the most important is that the κ-symmetry transformation leaving invariant the action (4.1),
transform all the matrix fields by the expression proportional to the linear combination θ 2 α − 1 M p a σ a αβ θ β1 of the 'center of mass' fermionic variables (θ α1 , θ 2 α ). In contrast, the κ-symmetry transformations (3.22)-(3.26) leaving invariant our action (3.21) coincide with the local version of the SYM supersymmetry transformations. Just this property is expected from the κ-symmetry of the multiple D0-brane action, the low energy limit of which should be given (in its gauge fixed version) by U (N ) SYM model in which the U (1) sector is not mixed by the 1d supersymmetry with the SU (N ) sector.
Neither spacetime supersymmetry is expected to mix the U (1) and SU (N ) sectors in the low energy limit of the multiple Dp-brane action. Such a mixture is however produced by the spacetime supersymmetry transformations leaving invariant the Panda-Sorokin action (4.1):
To resume, as far as a candidate for a complete description of multiple D0-brane system is searched for, an advantage of our model (3.21) over the Panda-Sorokin multiple 0-brane action (4.1) is that the supersymmetry and κ-symmetry leaving invariant (3.21) have the properties expected from the well known very low energy limit of multiple D0-brane action. Namely, the κ-symmetry of (3.21) acts on the internal sector described by traceless matrix fields as the supersymmetry of maximal 1d SU(N) SYM which is made local by coupling to 1d supergravity induced by embedding of the center of mass worldline into the target superspace (see (3.22)-(3.27)). The spacetime supersymmetry of (3.21) acts on the center of mass variables only (see (3.28)-(3.30)). These properties are in contrast to the ones of the Panda-Sorokin model (4.1) in which both supersymmetry and κ-symmetry transformations of matrix variables involve the center of energy fermionic variables, the property which is not observed in the (very) low energy limit given by just U(N) SYM action.
The above observations allow us to conclude that the action (3.21) is a better candidate for the description of multiple D0-brane system. The meaning of the Panda-Sorokin action (4.1) and its role in String theory is an interesting question to be thought about.
Conclusion
In this paper we have constructed the complete supersymmetric action (3.21) for the system of N nearly coincident D0-branes (mD0 system) in flat ten dimensional type IIA superspace. The set of its dynamical variables can be split into two sets: the center of mass variables, which are the same as used for the description of single D0-brane, and the internal variables which are described by the matrix fields forming the multiplet of N = 16 supersymmetric d = 1 SU(N) Yang-Mills theory (SYM). The mD0 action is invariant under rigid spacetime supersymmetry and local worldline supersymmetry. The rigid supersymmetry acts on the center of mass variables only. The local worldline supersymemtry acts on all the fields. On the center of mass fields it acts exactly like the kappa-symmetry of single D0-brane action, while on the physical fields of the internal, SYM sector it acts as local version of the SYM supersymmetry.
These set of properties is exactly what is expected from the action of multiple D0-brane system. In particular, they are in consonance with the statement that at the very low energy limit and upon gauge fixing of local supersymmetry, our functional reduces to the U (N ) SYM action, as it should be with mD0 action according to [1] .
These properties are not shown by multiple 0-brane action (4.1) proposed in [14] . We discuss it in comparison with our action and noticed some essential differences. In particular, the local worldline supersymmetry transformations of all the su(N ) valued matrix fields of (4.1) involve essentially the fermionic center of mass coordinates: are proportional to these. In searching for interrelation of the models, one might have a hope that the difference comes from the fact that the action of [14] does not contain 1d gauge field and thus should be literally compared rather with the gauge fixed version of our action (3.21) . Indeed, taking a look on the local supersymmetry transformations of the SU (N ) gauge field A, (3.27), one confirms that in the gauge A = 0 the terms with (derivatives of the) fermionic center of mass coordinates do appear in the transformation rules of the physical matrix fields of our model (generated by compensated gauge transformations designed to preserve the gauge A = 0). However, besides these new terms are clearly different from the ones characterizing the kappa-symmetry of the Panda-Sorokin action, the initial terms in (3.25)-(3.26) are still present in the A = 0 gauge and provide the terms independent on center of mass fermionic coordinate which are desired for correspondence with U(N) SYM supersymmetry at very low energy. Furthermore, even in the gauge A = 0 the rigid spacetime supersymmetry of the action (3.21) acts on the center of mass variables only, while the rigid supersymmetry of Panda-Sorokin action (4.1) acts on the su(N ) valued field and also mix them with the center of mass degrees of freedom.
This allows us to conclude that our action (3.21) is better candidate for the complete supersymmetric description of multiple D0-brane system than (4.1). The meaning of Panda-Sorokin action (4.1) in M-theoretical perspective is an interesting subject for future thinking.
It is not difficult to observe that the bosonic limit of our action does not coincide with the p = 0 representative of the family of Dielectric brane actions by Myers [9] . The advantage of our action is its manifest Lorentz invariance and also that it includes fermions and possess supersymmetry and κ-symmetry. The supersymmetric and κ-symmetric version of Lorentz noninvariant Myers action was searched for during many years and is still not known. On the other hand, the widely appreciated advantage of the family of Dielectric brane actions [9] is that, identifying these with mDp-branes, one can explicitly relate mDp-brane and nD(p ± 1)-brane actions by T-duality transformations. To check whether our Lorentz covariant and doubly supersymmetric construction can provide similar result, we need to construct in our approach, in addition to mD0-brane action, at least the action for mD1-brane (multiple Dirichlet strings). The search for such an action, as well as for mDp action with p > 1, is presently on the way.
To conclude, let us point out one more puzzle. As the dimensional reduction of single M0-brane (M-wave) action produces the action of single 10D D0-brane [5] , it was natural to expect that the mD0 action can be reproduced by dimansional reduction of an action for multiple Mwave (mM0-system). Such an mM0 action was constructed in [15] but, as we show in Appendix C, its dimensional reduction does not reproduce a simple action for mD0-brane with expected properties; in particular we have not succeed in reproducing our (3.21) action by such a dimensional reduction. The resolution of this issue or a deeper understanding of the nature of the problem is an important subject for future study.
Acknowledgments
This work was supported in part by the Spanish Ministry of Economy, Industry and Competitiveness grant FPA 2015-66793-P, partially financed with FEDER/ERDF (European Regional Development Fund of the European Union), by the Basque Government Grant IT-979-16, and the Basque Country University program UFI 11/55. The author is thankful to Dima Sorokin for useful discussions and suggestions and to the Theoretical Department of CERN for hospitality and support of his visit on one of the final stages of this work.
A. D0-brane action from dimensional reduction of M0 action in moving frame formulation
In this appendix we describe how the moving frame action of a single D0-brane can be obtained by dimensional reduction of the spinor moving frame action for M0-brane (M-wave). For the standard Brink-Schwarz-like formulation such a dimensional reduction of M-wave action was discussed in [5] . The presence of moving frame brings some additional specific problems for dimensional reduction. However, its use is necessary to discuss the dimensional reduction of a multiple M-wave system as for today the only known complete mM0 action [15] is formulated within the spinor moving frame approach.
A.1 Moving frame action for 11D M0-brane
M0 brane action in moving frame formulation reads [42, 43] 
Here and below E a and E α are pull-backs of the supervielbein forms of 11D flat superspace
X a = X a (τ ) and Θ α = Θ α (τ ) are coordinate functions describing parametrically the embedding of worldline W 1 in 11D superspace and U = a = U = a (τ ) is a light-like vector. It is convenient to consider it as difference of two columns of the SO(1, 10) valued moving frame matrix field
As in the case of 10D D0-brane, the moving frame can be used to split the pull-back of the bosonic supervielbein form (A.2) in a Lorentz invariant manner. In our case this will be the splitting into two singlets and one nanoplet of the SO(1, 1) ⊗ SO(9) gauge symmetry group,
A.2 Dimensional reduction of the moving frame action. D0 from M0
To perform a dimensional reduction of the M0 action (A.1) down to 10 dimension we should relate the 11D moving frame matrix (A.3) to its 10D cousin (2.4),
To this end we use
representing the coset SO(1, 10)/SO(1, 9).
The generic relation reads .6) and implies
To perform the dimensional reduction, let us firstly write M0 action (A.1) in terms of 10D moving frame variables and L-matrix,
Secondly, let us consider L-matrix to be constant, so that 12) and the action (A.10) becomes
Now, if we consider ρ # to be a constant,
then X * coordinate drops from the action which reads .15) and can be recognized as D0-brane action (2.3). To reach the literal coincidence, we have to split the 10D Majorana spinor fermionic coordinates in two Majorana-Weyls spinors, .16) and use the gamma matrix representation with
Notice that there is another, more 'algorithmic' way to arrive at (A.15). To this end we observe that, with the same assumption but allowing ρ # to depend on τ , the variation of the action (A.13) with respect to X * gives dρ # = 0. The solution of this equation is ρ # = M = const, (A.14) and (A.15) can be obtained by substituting this into (A.13).
Of course, the substitution of a dynamical equation back into the action is not an apparently consistent prescription, so that a better way to present the above described steps is to say that the dimensional reduction requires the momentum conjugate to the coordinate function corresponding to the reduced dimension to be a constant.
Thus we have shown how the dimensional reduction of the moving frame formulation of the M0 action produces D0-brane action. Of course, the simplest reduction is achieved by setting the constant L-matrix equal to unity matrix
Below, when considering dimensional reduction of spinor moving frame and of mM0 action, for simplicity we will restrict ourselves by this case.
B. Dimensional reduction of spinor moving frame: an embedding of Spin(1, 9) into Spin(1, 10)
In the previous Appendix A we have described the dimensional reduction of the moving frame formulation of the M0-brane action to D0-brane action without any use of spinor moving frame. However, our aim is to study the dimensional reduction of multiple M0-brane action and to this end the discussion of the dimensional reduction of spinor moving frame is inevitable. D=11 spinor moving frame variables appropriate to the description of M0 and mM0 systems are rectangular blocks of the Spin(1,10) valued matrix
which is called spinor moving frame matrix. This is related to the 11D moving frame (A.3) by the conditions of the Lorentz invariance of Dirac and charge conjugation matrices,
Eq. (B.3) allows to construct the elements of the inverse spinor moving frame matrix, which obey 4) in terms of the same spinor moving frame variables,
With a suitable Gamma matrix representation, Eqs. (B.2) can be split into
Spinor moving frame can be used to split the single 11D Majorana spinor fermionic supervilebein form of 11D superspace (see (A.2)) into two 16 component fermionic forms with SO(9) spinor indices and opposite SO(1,1) weights,
Our problem now is to find the expressions of the above 11D spinor moving frame variables in terms of Spin(1, 9)/Spin(9) spinor moving frame variables (2.16), v α q ∈ Spin(1, 9) (B.11) and its inverse obeying
This corresponds to (provides a square root of) the expression (A.6) of 11D moving frame in terms of 10D moving frame with simplest choice (A.18). The embedding of Spin(1, 9) group into Spin(1, 10) which defines such a dimensional reduction of the 11D spinor moving frame variables is defined by 13) and complementary relations
C. Dimensional reduction of mM0 and its comparison with mD0 action
C.1 Action for multiple M0-brane system
The action for multiple M-wave (mM0) system proposed in [15] reads
where µ is a constant (of dimension of mass, [µ] = M ), E = , E # and E +q are defined in (A. 4) and (B.10), ρ # = ρ # (τ ) is the auxiliary worldline field which we have already met in the case of single M0-brane, P i , X i , Ψ q are the bosonic and fermionic matrix fields describing SYM model (see sec. 3) on the center of energy worldline of the mM0 system, and H is the SYM Hamiltonian (3.3). The covariant derivatives of the matrix fields
include the 1d gauge field A = dτ A τ as well as Cartan forms constructed from the elements of 11D moving frame vectors,
are projections of pull-back of the 11D fermionic supervielbein form onto the 11D spinor moving frame (see (B.10)). The mM0 action (C.1) is invariant under the local worldsheet supersymmetry
C.2 Dimensional reduction of mM0 action and its differences with mD0 action
As in the case of single M0-brane, the dimensional reduction of the mM0 action implies the reduction of moving frame variables by using (A.7) and (A.8) with (A.18). Then so that the first of 11D Cartan forms (C.4) vanishes, Ω (0) = 0, and Ω ij becomes identical to its 10D counterpart Ω ij . As a result, the covariant derivatives of the matrix fields (C.2) and (C.3) coincide with the covariant derivatives (3.16) and (3.17) used in the mD0 action (3.21). Now we can identify the matrix fields of mM0 and mD0 models as both of them are describing 1d reduction of 10D SYM model living on some worldline,
It is also natural to make the identification of 10 of 11D bosonic supervielbein forms (A.12) with 10D supervielbein forms. With the simplest choice (A.18) we have Besides these, in the 11D model we have eleventh bosonic coordinate function X * which enters the Cartan form
Taking into account the relation of moving frame variables, (A.7) and (A.8) with (A.18), and of the spinor moving frame variables, (B.13), we find that the above identification and reduction rules imply that
Let us follow the terms with pull-backs of the bosonic supervielbein forms in the mM0 action (C.1): 20) where E * has the form of Eq. (C.16) and H is defined in (3.3).
As we discussed in the case of single M0-brane, the mechanism of dimensional reduction can be formulated as setting to constant the momentum conjugate to additional coordinate field X * in E * of (A.11). In our case, as X * enters the action only through its derivative and only linearly, this prescription can be formulated as obtaining the equations of motion for X * ,
solving them by
with some constant M , and substituting the result back into the action.
The problem with such an action is that it includes ρ # which is a nonlinear function of the relative motion variables defined by a solution of Eq. (C.21) with H from (3.3). For large H one can use an explicit expression for ρ # = ρ # (H) obtained from the Cardano formula,
but this is not too suggestive. It is more practical to keep ρ # = ρ # (H) implicit, as a solution of (C.21), but use the variation of ρ # which preserves (C.21) and hence is expressed in terms of variation of the SYM hamiltonian H ( 
The explicitly written terms are clearly different from the first line of (3.21), were in the first term E 0 is multiplied just by the constant M . Neither they are related with Panda-Sorokin action (4.1). To make this explicit, let us write the moving frame formulation of the Panda-Sorokin action:
Both terms in the first line of this equation involve the same function of the internal matrix variables, M(X, P, Ψ), which is not the case for the terms in (C.23).
To conclude, the discussion of the dimensional reduction of the 11D mM0 action (C.1) has resulted in the conclusion that, besides that it is not easy to work with such an action which is non-linear in matrix fields, it does not look related neither to our mD0-brane system described by the much simpler functional (3.21), nor to Panda-Sorokin action (4.1) in its moving frame formulation (C.24).
